Peroxidase Arthritis

1. An Immunologically Mediated Inflammatory Response
with Ultrastructural Cytochemical Localization of
Antigen and Specific Antibody.
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Synovitis was produced in rabbits by daily intra-articular injections of the heter-
ologous antigen horseradish peroxidase. The resulting “peroxidase arthritis” re-
sembled rheumatoid arthritis histologically. Many of the subsynovial plasma cells,
plasmablasts and immunoblasts contained specific antibody to horseradish perox-
idase; the remainder appeared to contain immunoglobulins of other specificities.
Peroxidase arthritis has unique advantages for the study of the cellular and sub-
cellular events in the pathogenesis of the local immune inflammatory response
to heterologous antigen. Antigen and specific antibody can be localized precisely
by ultrastructural cytochemical technics. The reaction can be terminated at any
stage, permitting observation of the early events in its pathogenesis. (Am J Pathol
67:69-94, 1972)

THERE IS MUCH EVIDENCE suggesting that immunologic mech-
anisms are involved in the pathogenesis of rheumatoid arthritis. Im-
munoglobulins,' complement > and extranuclear nucleoprotein® have
been identified by immunofluorescence in rheumatoid synovial mem-
branes. Complement levels are reduced in rheumatoid svnowal fluids *
and rheumatoid svnovial fluid leukocvtes contain characteristic cvto-
plasmic inclusions in which 1mmunoglobulms complement and nucleo-
protein have been identified.>*>¢ Finally, rheumatoid arthritis frequently
is accompanied by the presence of rheumatoid factor, a macroglobulin
with antibody specificity toward IgG."

The antigenic stimulus for the immunologic phenomena accompany-
ing rheumatoid arthritis is unknown. Accumulating evidence suggests
that an infectious agent mav be involved.>" It has been suggested that
the pathogenesis of rheumatoid inflammation might depend on the host
immunologic response to such a microbial antigen. Chronicity could be
explained either by persistence of the heterologous antigen * or by an
autoimmune reactlon to antigens made available by the initial inflamma-
toryv response.!
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In the studies described in this series of reports, repeated intra-articu-
lar injections of antigen were employed to study the synovial response
to prolonged local antigenic stimulation. In the resulting synovitis,
which resembles rheumatoid arthritis histologically, local antibody syn-
thesis occurs within the synovial inflammatory infiltrate. When the anti-
gen used is horseradish peroxidase (HRPO), both antigen ** and specific
antibody ** can be localized precisely by ultrastructural cytochemical
technics. In this report, the general morphologic and immunologic char-
acteristics of “peroxidase arthritis” are described.

Materials and Methods

Procedure and Injection Schedules

Nineteen female albino rabbits were used in the following procedures. All
animals were anesthetized by titration with sodium thiamylal (Parke-Davis,
Detroit, Mich) and both knees were shaved and cleaned with 70% ethanol. In
fourteen rabbits, the knees were injected intraarticularly with 2 mg horseradish
peroxidase (HRPO) (Sigma Chemical Company, Type VI, RZ 3.0) in 0.5 ml
0.15 M NaCl. The left knees were injected with 0.5 ml of a 1:30 dilution of
autologous serum in 0.15 M NaCl. In the remaining 5 rabbits, both right and
left knees were injected with 2 mg HRPO in 0.5 ml 0.15 M NaCl. All solutions
were sterilized by Millipore filtration prior to injection. In early experiments, a
variety of dosages and intervals between injection were used. It was found that
daily injections using 2 mg per knee produced the desired reaction most con-
sistently (see Table 1).

Two rabbits were given 14 daily intra-articular injections of 2 mg bovine serum
albumin (BSA) in 0.5 ml 0.15 M NaCl. Procedures were otherwise identical to
those described for the HRPO-injected rabbits.

All rabbits were sacrificed by an overdose of sodium thiamylal 24 hours after
the last injection of HRPO. Both of the knee joints, spleens, popliteal lymph
nodes and kidneys were removed. All tissues were fixed for 4 hours in 2.5%
glutaraldehyde and 2% formaldehyde in 0.05 M phosphate buffer, pH 7.4.14 The
tissues were washed overnight in 0.05 M phosphate buffer, pH 7.4.

Localization of Antigen (HRPO) and Antibody (anti-HRPO)

The fixed synovial membrane and underlying tissue was carefully removed
from the connective tissue medial and lateral to the patella and cut into strips
approximately 1 mm in thickness. These tissues were divided into two portions.

One portion was incubated according to the method described by Graham and
Karnovsky 12 for the detection of peroxidase activity. The tissues were preincu-
bated in 5 mg of 3,3’-diaminobenzidine (Sigma Chemical Co, St Louis) in 10
ml of 0.05 M Tris-HCI buffer, pH 7.4, for 25 minutes prior to the addition of
0.1 ml 1% H,O.. The tissues were incubated in the complete medium for 10-15
minutes. They then were washed three times in distilled water.

The other portion of tissue was treated according to the method of Leduc
et al'3 for the detection of anti-HRPO activity. Both whole-tissue strips and
40-p frozen sections were gently agitated in 5-10 ml of 0.05 M phosphate buffer,
pH 7.4, containing 0.5 mg/ml HRPO (type VI) for 2 hours at 4 C. They then
were washed and refixed in 2.5% glutaraldehyde in 0.05 M phosphate buffer,
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Table I—Injection Schedules, Serum Antibody Titers and Intensity of Reaction in Rabbits
Studied

Dose of HRPO  Knee Duration Serum Antibody} Intensity of
Rabbit (mg injection) injected* Intervalt (days) PHA precipitin reaction§
1-A 1 R 2 18 320 2 +
1-B 1 R 2 18 320 0 +
1-A 1 R 4 18 320 0 +
11-B 1 R 4 18 40 0 +
1H-A 1 R 6 18 160 0 +
11-B 1 R 6 18 40 0 +
V-A 2 R 1 19 1280 8 3+
V-B 2 R 1 19 640 2
VI-B 1 R 1 15 320 Undil 2+
VI-C 1 R 1 15 320 4 24+
B-8 1 R 1 12 80 0 2+
VII-A 2 R 1 35 5120 8 4+
VII-B 2 R 1 35 1280 4 3+
VIII-A 2 B 1 15 1280 4 34
IX-A 2 B 1 9 40 0 24+
I1X-B 2 B 1 9 20 0 2+
12 2 B 1 15 320 3+
16 2 B 1 37 10240 8 44
1-F. 163340 16

* R, right knee; B, both knees.

1, daily; 2, every other day; 4, every fourth day; 6, every sixth day.

1 Reciprocal of titer. PHA, passive hemagglutination

§ Intensity of reaction is expressed in arbitrary units with 44 representing maximal
intensity.

! Reference serum from animal immunized with HRPO in complete Freund's adjuvant
in conventional manner.

pH 7.4, for 15 minutes. They were washed again in buffer before incubation for
peroxidase activity, as described above, for 30 minutes. Incubation was followed
by three washes in distilled water.

Both portions of tissue were additionally fixed in 1% OsO, in 0.05 M phosphate
buffer, pH 7.4, for 1 hour, washed in 0.1 M sodium maleate buffer, pH 5.2,
and stained with 2% uranyl acetate in 0.05 M sodium maleate buffer, pH 5.2,
for 2 hours. After this, the tissues were dehvdrated in ethanol and embedded in
Araldite. Thick sections (0.5-1 u) were cut, stained with toluidine blue and
examined by light microscopy to determine appropriate areas for thin sectioning.
Thin sections were cut with glass knives on Sorvall MT-1 or MT-2 ultramicrotomes,
stained with uranvl acetate and lead citrate and examined in an AEI EM-6B
electron microscope.

Light Microscopy

Articular cartilage and adjacent synovial tissue from the knee joints of rabbits
receiving dailv HRPO injections for 35 or 37 days were taken and fixed in 2.5%
glutaraldehvde and 2% formaldehvde in 0.05 M phosphate buffer, pH 7.4, over-
night. The tissues were washed for several hours, dehvdrated and embedded in
paraffin. Sections were cut and stained with hematoxvlin and eosin (H&E).
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Synovial fluids from the knee joints of all rabbits were aspirated into heparinized
plastic syringes. Smears were made directlv from the svringe to achieve maximum
preservation of the cells. The smears were stained with tetrachrome.

Serologic Studies

Both the passive hemagglutination test and Ouchterlony precipitin test were
used for the detection of circulating antibody. For use in the passive hemagglutina-
tion test, HRPO was coupled to fresh sheep ervthrocytes with glutaraldehvde
according to the method of Avrameas et al.1¢ Passive hemagglutination tests were
carried out in 100 X 75 mm glass test tubes by a standard technic.

Serial dilutions of sera were assayed for precipitating antibodies by double
diffusion in agar gel according to the standard Ouchterlony technic.

“Enzvme immunoelectrophoresis” 17 was carried out on sera from 5 different
animals. Standard immunoelectrophoretic patterns were developed in agarose gel
with goat anti-rabbit whole serum (kindly supplied by Dr. Abram Stavitsky).
Slides were then washed at room temperature for 3 days in 0.15 M phosphate-
buffered saline, pH 7.2, before incubation overnight at room temperature in a
solution of 0.1 mg HRPO/ml in phosphate-buffered saline. The slides were then
washed for 5 days at 4 C in repeated changes of 0.15 M NaCl to remove
unprecipitated HRPO. Finally, they were reacted by the Graham-Kamovsky
technic (see above) to reveal sites of peroxidase activity.

Results
Controls

Joints receiving 12 to 35 daily injections of diluted autologous serum
appeared entirely normal upon both gross and microscopic examination
(Fig 1). No peroxidase activity was detectable in these tissues.

Peroxidase Arthritis
Gross Observations

After 12-16 Daily HRPO Injections. The external appearance of the
joints was not striking. In most rabbits, external evidence of mild swell-
ing of joints was evident. Upon opening the joints, the svnovial tissue
appeared markedly thickened and hvperemic. The articular cartilages
showed no apparent abnormality. The svnovial fluid, which was in-
creased in amount, was turbid and quite viscous.

After 35 or 37 Daily Injections of HRPO. The joints were markedlv
swollen. The appearance of the svnovial tissue was similar to that de-
scribed above, except that svnovial thickening was much more marked.
Inflamed synovial tissue partiallv obscured the surface of the articular
cartilages. The synovial fluid resembled that seen after the shorter series
of injections, except that it was present in larger amounts.

Cellular Composition of Synovial Fluid
Examination of tetrachrome-stained smears of synovial fluid by light
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microscopyv revealed the cellular composition to be similar after 12-37
dailv. HRPO injections. Of the cells, 75% or more were polvmorpho-
nuclear leukocvtes. The remainder included lvmphocytes, macrophages
and cells that appeared to be detached synov ial cells.

Light and Electron Microscopic Histopathology

After 12-16 Daily HRPO Injections. The histologic appearance of
the inflamed synovial tissue was qualitativelv similar in all rabbits ex-
amined. The magmtude of the reaction varied somewhat from animal to
animal, tending to be greater in those rabbits given 2 mg HRPO in each
daily injection, and in those injected with HRPO in both knees (Table
1). Within a given joint, the magnitude of the reaction varied consid-
erablv in synovial tissues taken from different areas of the joint.

The svnovial lining cells were increased in number, with the lining
layer varving from two to five cells in thickness (Fig 2). Most of the
svnovial hnmg cells were highly irregular in shape. Their surfaces dis-
pla\ ed an extensive and complex network of pseudopods, which was
most prominent on the aspect of the cell facing the svnovial cav itv.
Mitotic figures frequently were observed (Fig 3). W hen viewed b\
light microscopy, numerous brown granules of reaction product were
seen in the cytoplasm of most of the synovial lining cells. A few of the
svnovial cells contained only scattered granules of reaction product.
When examined bv electron microscopy, the majority of the svnovial
cells were seen to contain numerous cvtoplasmic vacuoles, manyv of
which contained peroxidatic reaction product (Fig 3). Other vacuoles
enclosed ferritin, cellular debris or entire dead and degenerating cells
(Fig 4). In a small minority of svnovial lining cells, there were few
scattered small vacuoles containing reaction product, and the cell sur-
face displayed fewer and less complex pseudopods. Rough-surfaced en-
doplasmic reticulum was abundant in these cells (Fig 5). Occasional
lymphocyvtes, plasma cells and polyvmorphonuclear leukocytes were seen
within the synovial lining laver. Fibrin frequently was present in the in-
tercellular spaces between the svnovial lining cells.

The subsvnovial tissues were infiltrated with a variable number of
mﬂammator\ cells. In many areas, this infiltrate was quite extensive,
with the involved tissue being 1 mm or more in thickness. The infiltrate
was composed of numerous plasma cells, lvmphoid cells and macro-
phages, moderate numbers of fibroblasts and polymorphonuclear leuko-
cvtes and occasional eosinophils (Fig 2).

Electron microscopyv revealed the majority of the plasma cells to be
tvpical mature plasma cells, with numerous, regularly spaced stacks of
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rough-surfaced endoplasmic reticulum (Fig 6). The nuclei were round
and eccentrically placed, with peripheral condensations of chromatin.
Smaller numbers of plasmablasts, distinguished by their prominent
nucleoli and the less regular orientation of their rough-surfaced endo-
plasmic reticulum, were observed. Plasmablasts in mitosis occasionally
were seen.

A spectrum of lymphoid cells was present (Fig 7 and 8). Some were
typical small lymphocytes, with condensed nuclear chromatin and scant
cytoplasm containing few organelles. Others had more abundant cyto-
plasm containing variable numbers of free polyribosomes (Fig 8). Still
others had less condensed nuclear chromatin and numerous free poly-
ribosomes in their cytoplasm (Fig 8). Such cells have been referred to
by others as “activated” lymphocytes.’* Moderate numbers of “immuno-
blasts” were observed. The nuclei of these cells had prominent nucleoli
and highly dispersed chromatin, and the cytoplasm contained abundant
free polyribosomes and a few profiles of rough-surfaced endoplasmic
reticalum (Fig 8 and 9). Such cells frequently were seen in mitosis
(Fig 10).

The plasma cells and lymphoid cells often were aggregated in clusters,
and were more numerous in the deeper part of the infiltrate. The clus-
ters, which frequently were found near venules, varied in their cellular
composition. In some, lymphoid cells predominated (Fig 7). Others
were composed mainly of plasma cells (Fig 6). In still others, a mixture
of plasma cells and lymphoid cells was observed.

Plasma cells and lymphoid cells were closely associated with each
other and with macrophages. These cellular interrelationships, which
were quite varied and complex, will be described in detail in a subse-
quent paper.

Polymorphonuclear leukocytes most often were seen in the superficial
part of the infiltrate, immediately beneath the synovial lining cells. Mac-
rophages and fibroblasts were found throughout the infiltrate.

Striking alterations were seen in the larger venules situated in the
deeper subsynovial tissue, and in some of the smaller superficial vessels
as well. The endothelial cells, which were increased in number, bulged
into the vascular lumen, giving the endothelium a pseudocolumnar ap-
pearance. Such vessels were the site of emigration of lymphoid cells,
monocytes and polymorphonuclear leukocytes. Fenestrated capillaries
rarely were observed in the fully developed arthritis. The development
of these changes, as well as the mechanism of cellular emigration, will
be described in detail in a subsequent communication.

After 35-37 Daily Injections of HRPO. The appearance of the syn-
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ovial tissue was qualitatively similar to that observed after the shorter
series of injections. The cellular infiltrate, however, was much more
extensive. Examination of paraffin sections stained with hematoxvlin
and eosin revealed necrosis of cartilage at sites of contiguity with the
inflammatory infiltrate (Fig11).

Electron microscopy showed that the svnovial cells, which were
greatly increased in number, had numerous cvtoplasmic vacuoles vari-
ously containing HRPO, cellular debris, ferritin or lipid (Fig 12). Lvmn-
ph01d cells and occasional polvmorphonuclear leukocvtes were found
among the svnovial cells.

The subsynovial infiltrate contained more cells per unit area than was
the case after shorter series of injections (Fig 13 and 14). The cellular
composition of the infiltrate resembled that observed after fewer injec-
tions. Mature and immature plasma cells, lvmphoblasts and the various
tyvpes of Ivmphocyvtes all still were present. Fibroblasts were numerous
among bundles of collagen which apparentlv were newly formed (Fig
15). Scattered throughout the infiltrate were many macrophages, the
cvtoplasmic vacuoles of which variously contained HRPO, ferritin, cell-
ular debris or lipid (Fig 16). In some of the macrophages, lipid-contain-
ing vacuoles were strikingly numerous. Extensive fibrin deposition was
observed both in the synovial lining laver and in the subsvnovial tissue

(Fig 12). The great majority of the small blood vessels were of the
pseudocolumnar tvpe described above. Fenestrated capillaries rarely
were seen.

Cytochemical Demonstration of Specific Antiperoxidase Antibody

Study of svnovial tissue from rabbits receiving 12-37 daily intra-artic-
ular injections of HRPO revealed similar findings, and these will be
reported together. The method used was that of Leduc and her associ-
ates,”* in which aldehvde-fixed tissue is incubated with antigen
(HRPO). The HRPO, which binds to anti-HRPO in antibodv-synthesiz-
ing cells, serves as a cvtochemical marker indicating the location of the
antibodv. In peroudase arthritis, many but not all of the plasma cells
and plasmablasts contained anti-HRPO in the rough-surfaced endo-
plasmic reticulum (Fig 17). In some of the plasma cells and all of the
plasmablasts with anti-HRPO activity, this activity was localized in the
perinuclear space as well (Fig 17 and 18). Some of the immunoblasts
had anti-HRPO activity in the perinuclear space and in scattered pro-
files of rough- surfaced endoplasmic reticulum (Fi ig 19). Specific anti-
body was observed both in blasts undergoing mitosis and in those that
were not (Fig 19). Both cells with (Fig 20) and without anti-HRPO
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activity were observed in association with macrophages. Differentiation
of plasma cells from Ivmphoplasmacvtes, recently described by Avra-
meas and Leduc,'” was not possible since we did not study tissues fixed
only in formaldehyde.

The presence of plasma cells without antiperoxidase antibody was un-
likely to have been an artifact caused by poor penetration of HRPO
durlng the Leduc procedure, or by poor penetratlon of the cvtochemical
reagents. Plasma cells without speaﬁc antibody frequently were seen at
the very edge of the tissue strip. Such cells also were seen immediately
ad]acent to plasma cells that unequivocally had specific antlbod\
Finally, when frozen sections were used, penetration appeared essen-
tially complete, and cells with and without antiperoxidase activity were
found throughout the entire thickness of the tissue.

Detection of Antiperoxidase Antibody in Serum

Specific antibody was detectable both by double diffusion in agar and
by passive hemagglutmatlon as shown in Table I. Titers varied from
animal to animal, and were higher in rabbits receiving larger doses of
HRPO in each injection, and in those receiving the greatest number of
injections (see Table I). The titers obtained were considerably lower
than those obtained in rabbits immunized with HRPO in complete
Freund’s adjuvant by conventional technics (Table 1).

Immunoglobulin Classes of Serum Antiperoxidase Antibody

Sera were analyzed by the enzvme immunoelectrophoresis technic
described by Avrameas and Leduc.'” This method depends upon the
abilitv of speaﬁc antiperoxidase antibodyv in the immunoglobulin pre-
cipitin lines to bind HRPO. The bound HRPO is identified by the
peroxidatic oxidation of 3,3’-diaminobenzidine, which stains the rele-
vant precipitin lines brown.

In sera from rabbits given 16 daily intra-articular injections of HRPO,
anti-HRPO activity was detectable in both IgG and IgM precipitin lines
(Fig 21). Sera from rabbits given 35 or 37 dailv HRPO injections had
detectable anti-HRPO activity only in the IgG precipitin line (Fig 21).

Effect of Repeated Intra-Articular Injection of Bovine Serum Albumin (BSA)

Rabbits receiving 14 daily intra-articular injections of BSA developed
an arthritis similar to that evoked by an equivalent number of HRPO
injections. Study by both light and electron microscopy revealed no im-
portant morphologlc differences between the reactions evoked by the
two antigens, although that elicited by BSA was somewhat greater in
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magnitude. No antiperoxidase antibodv was found in plasma cells or
Ivmphoid cells in BSA arthritis when studied bv the Leduc technic.
Sera from the rabbits with BSA arthritis contained precipitating anti-
body against BSA when assaved by double diffusion in agar.

Discussion

Peroxidase arthritis presents unicue opportunities for the studyv of the
synovial inflammatory response to repeated local antigenic stimulation.
Its most important adv antage is that antigen and specific antibodyv can
be localized precisely by electron microscopyv. In addition, with a given
dose of antigen and number of injections, the changes produced are
reproducible, so that the development of the reaction can be studied
casilv at any stage. Although giving repeated intra-articular injections to
rabbits perhaps is somewhat inconvenient, with experience the injec-
tions can be done easily and quicklv. Moreover, autologous serum con-
trols have established that the trauma of repeated injection per se causes
no significant change in the svnovial tissues.

Despite the unique methodologic advantages of the peroxidase arthri-
tis model, its ultimate value depends upon the relevance of observations
made with it to the pathogenesis of human disease. In this regard, the
morphologic and immunologic similarities between the svnovitis of
rheumatoid arthritis and that of peroxidase arthritis are of some interest.
Whether these similarities reflect similar pathogenic mechanisms is. of
course, as vet unknown. The histopathologic changes in the human
rheumatoid svnovial membrane have been well described at both the
light = and electron *-= microscopic levels. There is proliferation of
svnovial lining cells, accompanied by subsvnovial infiltration with lym-
phocvtes, plasma cells, macrophages, fibroblasts and a few poly morpho-
nuclear leukocytes. The cells of the subsvnovial infiltrate frequently are
found in focal aggregates resembling lv mph01d follicles. As the disease
progresses, inflammatory tissue frequently encroaches on adjacent carti-
lage and bone, resulting in necrosis of these tissues.

On purely morphologic grounds, the similarities between peroxidase
arthritis and rheumatoid arthritis are striking. In both, the proliferation
of synovial lining cells is accompanied by greatly augmented svnovial
endocx tic activity. In peroxidase arthntls svnovial endocvtosis of large
quantltles of speaﬁc antigen occurs; whether a similar phenomenon
occurs in rheumatoid arthritis of course must await the identification of
a specific etiologic agent.

The cellular populations of the subsynovial infiltrates in peroxidase
arthritis and rheumatoid arthritis are quite similar. Although in peroxi-
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dase arthritis there is a definite tendency for the cells to aggregate in
follicle-like clusters, the process in general is more diffuse than usually
is observed in rheumatoid arthritis. This difference perhaps reflects the
greater duration of the usual rheumatoid process before histologic exam-
ination is carried out. Like rheumatoid arthritis, peroxidase arthritis is
associated with necrosis of cartilage if the reaction is sufficiently pro-
longed.

In both peroxidase arthritis and rheumatoid arthritis, polvmorpho-
nuclear leukocyvtes make up but a small percentage of the inflammatory
infiltrate. In contrast, they are abundant in the synovial fluid. The reason
for this discrepancy is not entirelv clear. Presumabl\ the polvmorpho-
nuclear leukocvtes, after emlgratmg from subS\nO\ ial blood vessels.
migrate quite rapldl\ through the svnovial membrane into the svnovial
cavity. Rapid migration of these cells in the same direction could reflect
the presence of a chemotactic stimulus. Possibly, chemotactic factors are
released in the synovial fluid through the activation of complement by
antigen-antibody complexes.**

The endothelial changes and associated interactions of lvmphocytes
with endothelium that occur in peroxidase arthritis are quite complex
and will be discussed in detail in a subsequent paper. Whether signifi-
cant endothelial changes occur in rheumatoid arthritis is disputed.**
However, rheumatoid synovial tissues must be studied when thev have
reached a relatively more advanced stage than the peroxidase arthritis
lesions. In this respect, it is of interest that in peroxidase arthritis the
endothelial changes reach their peak at 12-16 davs and then recede.
despite continued intensification of the inflammatory response.

Syvnthesis of immunoglobulins by cells in the svnovial inflammatorv
infiltrate occurs in both rheumatoid arthritis and peroxidase arthritis.
With the exception of rheumatoid factor, the antibody specificity of the
immunoglobulins produced in the rheumatoid svnovial membrane is
unknown. In peroxidase arthritis, some of the svnovial immunocytes
have been shown to produce anti-HRPO. It is likelv, however, that im-
munoglobulins of other specificities are produced as well, since manv
of the subsynovial plasma cells are without anti-HRPO activity w hen
examined with the Leduc technic. The nature of the 1mmunoglobulms
produced by these cells is as vet unknown. The interesting possibility
that at least some of them may produce autoantibodies is being investi-
gated in our laboratorv..

There has been much interest in the possibilitv that an infectious
agent may provide the initial antigenic stimulus in rheumatoid arthritis.
It has been shown that membranes of Mycoplasma fermentans inhibited
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leukocyte migration in 67% of patients with rheumatoid arthritis. but had
no effect in patients with osteoarthritis or normal controls.™ It is of
interest that certain species of Mycoplasma cause an arthritis in swine
that resembles rheumatoid arthritis both histologicallv and serologic-
allv.#*** Further evidence in support of the presence of an infectious
agent in rheumatoid arthritis has come from the demonstration that a
slurry from rheumatoid synovial tissue causes swelling and reddening of
extremities when m]ected into mice.” These changes were transmissible
to the second and third generations of mice without further injection.

The peroxidase arthritis reaction provides a model of a svnovial
immune inﬂammator\' reaction in response to prolonged stimulation
by a heterologous antigen. Comparison with a response to an infectious
agent obviously is inexact: the response to a soluble protein antigen
may differ from the response to a microbial antigen, which probably
is membrane bound. Moreov er, the intermittent introduction of antigen
can only approximate the stimulus presented bv a persistent micro-
organism, to which the host presumably is contmuousl\ exposed. Never-
theless, it seems quite possible that the approximation provided by
the model is close enough that in the svnovial tissue the mechanisms
of response are similar.

Experimental arthritis in animals has been produced in numerous
ways. The literature before 1960 has been reviewed well bv Gardner.*
Subsequent interesting models include adjuvant arthritis, produced by
the intradermal injection of complete Freund’s adjuvant in certain
strains of rats.”** Histologicallv, the arthritis somewhat resembles
rheumatoid arthritis and in some rats becomes chronic and is char-
acterized b_\' exacerbations and remissions. Its pathogenesis is uncer-
tain, but may involve an immunologic response to mvcobacterial anti-
gens. Another interesting form of experimental arthritis has been
produced by immunizing rabbits with heterologous fibrin in Freund’s
adjuvant, followed by injection of fibrin into a joint.* The resulting
arthritis resembles rheumatoid arthritis histologicallv in some respects,
and mayv persist for months without further injection of antigen. Other
antigenic proteins can substitute for fibrin in this model." It has been
suggested that persistence of inflammation in this model depends upon
an autoimmune reaction to products of the initial immune inflammatory
response.'!

Peroxidase arthritis lacks the prominent systemic manifestations and
the chronicity characteristic of rheumatoid arthritis, and for the study
of these aspects, another of the models would seem more appropriate.
Further, for quantitative studies in which a large sample is required,
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such as evaluation of anti-inflammatory or immunosuppressive drugs,
one of the other models would be more practical. On the other hand,
peroxidase arthritis appears to have unique advantages for the studv
of the cellular and subcellular events in the pathogenesis of this tvpe
of immune inflammatory response. Antigen and antibody can be lo-
calized by both light and electron microscopy, and the reaction can
be controlled so that anyv stage of its development can be readily
studied. Morphologic information obtained can be correlated with the
results of conventional immunologic technics.

References

1. Fish AJ, Michael AF, Gewurz H. Good RA: Immunopathologic changes
in rheumatoid arthritis synovium. Arthritis Rheum 9:267-280, 1966
2. Rodman WS, Williams RC Jr, Bilka PJ, Miiller-Eberhard HJ]: Immuno-
fluorescent localization of the third and the fourth component of complement
in synovial tissue from patients with rheumatoid arthritis. ] Lab Clin Med
69:141-150, 1967
3. Brandt KD, Cathcart ES, Cohen AS: Studies of immune deposits in
s.\;n'ovial membranes and corresponding syvnovial fluids. J Lab Clin Med
72:631-647, 1968
4. Fostiropoulos G, Austen KF. Bloch K]J: Total hemolvtic complement
(C’Hs.) and second component of complement (C’2bu) activity in serum
and svnovial fluid. Arthritis Rheum 8:219-232, 1965
Rawson AJ, Abelson NM, Hollander JL: Studies on the pathogenesis of
rheumatoid joint inflammation. II. Intracvtoplasmic particulate complexes
in rheumatoid synovial fluids. Ann Intern Med 62:281-284, 1965
6. Barnett EV, Bienenstock ], Bloch JJ: Possible participants in the rheumatoid
inclusion body. JAMA 198:143-148, 1966
7. Lightfoot RW Jr, Christian CL: Rheumatoid arthritis. Textbook of Im-
munopathology. Edited by PA Miescher, H] Miiller-Eberhard. New York,
Grune and Stratton, 1969, pp 733-744
8. Christian CL: Rheumatoid arthritis: etiologic consideration. Arthritis Rheum
7:455-166, 1964
9. Warren SL, Marmor L, Liebes DM, Hollins R: Active agent from human
rheumatoid arthritis which is transmissible in mice: preliminary report. Arch
Intern Med 124:629-634, 1969
10.  Williams MH, Brostoff |, Roitt IM: Possible role of Mycoplasma fermentans
in pathogenesis of rheumatoid arthritis. Lancet 2:277-280, 1970
11. Glynn LE: Heberden oration: the chronicity of inflammation and its signif-
icance in rheumatoid arthritis. Ann Rheum Dis 27:105-121, 1968
12. Graham RC, Kamovsky M]: The early stages of absorption of injected
horseradish peroxidase in the proximal tubules of mouse kidnev: ultra-
structural cvtochemistry by a new technique. ] Histochem Cytochem 14:291-
302, 1966
13. Leduc EH, Avrameas S, Bouteille M: Ultrastructural localization of anti-
body in differentiating plasma cells. ] Exp Med 127:109-118. 1968
14. Karnovskv MJ: A formaldehvde-glutaraldehyvde fixative of high osmolality
for use in electron microscopy. ] Cell Biol 27:137A. 1965, abstr

t



Vol. 67, No. 1 PEROXIDASE ARTHRITIS 81
April 1972

15. Venable JH, Coggeshall RA: A simplified lead citrate stain for use in
electron microscopy. J Cell Biol 25:407-408. 1965

16. Avrameas S, Tandow B, Chuilon S: Glutaraldehvde, cvanuric chloride and
tetraazotized o-dianisidine as coupling reagents in the passive hemagglutina-
tion test. Immunochemistry 6:67-76, 1969

17. Avrameas S, Leduc EH: Detection of simultaneous antibodv svnthesis
in plasma cells and specialized lvmphocytes in rabbit lvmph nodes. | Exp
Med 131:1137-1168, 1970

18. Astrom KE, Webster HdeF, Arnason BG: The initial lesion in experimental
allergic neuritis: a phase and electron microscopic study. J Exp Med 128:469-
495, 1968

19. Parker F Jr, Keefer CS: Gross and histologic changes in the knee joint in
rheumatoid arthritis. Arch Pathol 20:507-522, 1935

20. Kulka JP, Bocking D, Ropes MW, Bauer W: Early joint lesions of rheu-
matoid arthritis. Arch Pathol 59:129-150. 1955

21. Norton WL, Ziff M: Electron microscopic observations on the rheumatoid
synovial membrane. Arthritis Rheum 9:589-610, 1966

22, Wvllie JC, Haust MD, More RH: The fine structure of svnovial lining cells
in rheumatoid arthritis. Lab Invest 15:519-529, 1966

23. Ward PA: Neutrophil chemotactic factors and related clinical disorders.
Arthritis Rheum 13:181-186, 1970

24. Branemark PI, Ekholm R, Goldie I: To the question of angiopathv in
rheumatoid arthritis: an electron microscopic study. Acta Orthop Scand
40:153-175, 1969

25. Barden JA, Decker JL: Mycoplasma hyorhinis swine arthritis. 1. Clinical
and serologic features. Arthritis Rheum 14:193-201. 1971

26. Ennis RS, Dalgard D, Willerson JT. Barden JA, Decker JL: Mycoplasma
hyorhinis swine arthritis II. Morphologic features. Arthritis Rheum 14:202-
211, 1971

27. Gardner DL: The experimental production of arthritis: a review Ann
Rheum Dis 19:297-317, 1960

28. Pearson CM, Wood FD: Studies of polvarthritis and other lesions induced
in rats by injection of mycobacterial adjuvant. I. General clinical and path-
ologic characteristics and some modifving factors. Arthritis Rheum 2:440—459,
1959

29. Waksman BH, Pearson CM, Sharp JT: Studies of arthritis and other lesions
induced in rats by injection of mycobacterial adjuvant. II. Evidence that the
disease is a disseminated immunologic response to exogenous antigen.
J Immunol 85:403—417, 1960

30. Dumonde DC, Glynn LE: The production of arthritis in rabbits by an
immunological reaction to fibrin. Br | Exp Pathol 43:373-383, 1962

31. Graham RC, Shannon SL: Peroxidase arthritis: a model of immunologically
mediated inflammation permitting ultrastructural cvtochemical localization of
antigen. J Clin Invest 48:31a, 1969, abstr

We thank Drs. George M. Bemier, Phillip J. Catanzaro and Oscar D. Ratnoff, who
reviewed the manuscript and made many helpful suggestions.

A preliminary report of a portion of this work has been presented in abstract form.3!

Dr. Graham is a recipient of Research Career Development Award AM 42,397 from
the National Institute of Arthritis and Metabolic Diseases.



82 GRAHAM AND SHANNON American Journal
of Pathology

Legends for Figures

Fig 1—Synovial membrane from rabbit control knee joint given 35 daily injections
of diluted autologous serum. The synovial lining cells (arrow) are normal in number
and appearance. No inflammatory cells are seen around the smail blood vessel or
elsewhere in the subsynovial connective tissues. Two fat cells (F) are present (light
micrograph, toluidine blue, x 300).

Fig 2—Synovial membrane and subsynovial infiltrate from rabbit given 16 daily
injections of HRPO. The number of synovial lining cells (arrow) is increased. The
subsynovial connective tissue contains many macrophages, plasma cells, lympho-
cytes and fibroblasts (light micrograph, toluidine blue, x 440).

Fig 3—Synovial cell from a rabbit receiving 15 daily injections of HRPO. Numerous
cell processes and pseudopods are seen extending from the plasma membrane. Many
vesicles and vacuoles containing reaction product are present in the cytoplasm. The
clumped nuclear chromatin and incomplete nuclear membrane suggest the cell is in
an early phase of mitosis (electron micrograph, X 9000).

Fig 4—Synovial lining cell from rabbit receiving 12 daily HRPO injections. The large
cytoplasmic vacuole contains the remains of a degenerating cell. Two smaller vacuoles
contain electron-opaque peroxidatic reaction product (electron micrograph, x 16,000).






Fig 5—Synovial lining cell from rabbit receiv-
ing 16 daily HRPO injections. In contrast to
the majority of synovial cells, this cell con-
tains only a few cytoplasmic vesicles and
vacuoles, and abundant rough-surfaced endo-
plasmic reticulum. Peroxidatic reaction prod-
uct, which is abundant outside the cell
(double arrows), is seen only in occasional
small vesicles (single arrow) within the cell
(electron micrograph, x 20,000).

Fig 6—Portion of subsynovial infiltrate from rabbit given 16 daily HRPO injections. Mature
plasma cells contained typical stacks of rough-surfaced endoplasmic reticulum and peri-
pherally condensed nuclear chromatin. A medium lymphocyte (L), closely opposed to a
plasma cell (P) contains scant cytoplasmic organelles and condensed nuclear chromatin.
Collagen fibers of varying orientation lie between the cells (electron micrograph, x 10,000).



Fig 7—Cluster of lymphocytes in the subsynovial infiltrate from a rabbit receiving 16 daily
HRPO injections. The cells are typical of small to medium lymphocytes, with condensed
nuclear chromatin and scant cytoplasm containing few organelles. The lymphocytes are
closely apposed with very little intercellular space intervening. A bundle of collagen fibers
(ch and a portion of a polymorphonuclear leukocyte (PMN) are at the lower left (electron
micrograph, X 10,000).



Fig 8—Perivascular lymphoid cells from subsynovial tissue of rabbit given 16
daily HRPO injections. The albuminal aspect of the endothelium (E) is at the left.
Small to medium lymphocytes (7) have condensed nuclear chromatin and bland
cytoplasm. A large lymphocyte (2) has a prominent nucleolus and moderate
numbers of free polyribosomes in the cytoplasm. An immunoblast (3) has a
prominent nucleolus, dispersed nuclear chromatin, and abundant free polyrib-
osomes. A single profile of rough-surfaced endoplasmic reticulum is evident.
Slender processes of pericytes (arrows) are interposed between the lymphoid
cells (electron micrograph, X 6000).

Fig 9—Subsynovial immunoblast from animal killed after 12 daily injections of HRPO.
Note the prominent nucleolus, dispersed nuclear chromatin, abundant free polyribosomes
and scant elements of rough-surfaced endoplasmic reticulum. Collagen fibers (cf) are seen
in the interstitial space (electron micrograph, x 14,000).

Fig 10—Subsynovial cells from rabbit given 16 daily HRPO injections. An immunoblast
(1)) is in mitosis. A similar cell (/:) recently has divided. A macrophage (M) is closely as-
sociated with the two immunoblasts (electron micrograph, x 10,000).






Fig 11—Inflammatory synovial tissue and cartilage from rabbit given 35 daily
HRPO injections. The dense inflammatory infiltrate consists primarily of lympho-
cytes and macrophages. The altered staining characteristics of the cartilage adja-
cent to the inflammatory infiltrate (arrow) reflect necrosis of cartilage (light
micrograph, H&E, X 120). Fig 12—A portion of the synovial membrane from
an animal sacrificed after 37 daily injections. The synovial cells (S) appear highly
active with large vacuoles containing cellular debris and other dense material.
Extracellular fibrin and precipitated protein are present in abundance between
the cells (arrow). A lymphocyte (L) and polymorphonuciear leukocyte (PMN) are
seen within the synovial lining layer (electron micrograph, x 5000).



Fig 13—Subsynovial infiltrate from rabbit killed after 37 daily HRPO injections.
A spectrum of lymphoid cells (L) is present. There are several small to medium
lymphocytes, with condensed nuclear chromatin and scant cytoplasm containing
few organelles. Other lymphoid cells have more dispersed nuclear chromatin
and moderate numbers of cytoplasmic free polyribosomes. The cells are closely
packed, with little intercellular space intervening (X 6000). Fig 14—Sub-
synovial infiltrate from rabbit receiving 37 daily HRPO injections. Portions of
several plasma cells (P) and a variety of lymphoid cells (L) are visible. As in
Fig 13, very little intercellular space is present between adjacent cells (X 6000).



Fig 15—Fibroblast in subsynovial infiltrate of rabbit given 37 daily HRPO injec-
tions. The dilated rough-surfaced endoplasmic reticulum contains granular ma-
terial which presumably is precipitated protein. Numerous collagen fibers (cf)
surround the fibroblast (x 16,000). Fig 16—Macrophages from subsynovial
tissue of rabbit given 35 daily HRPO injections. Numerous cytoplasmic vesicles
and vacuoles variously contain cellular debris or amorphous material of varying
electron opaqueness. The Golgi complex (g) is well developed. The cell at the
right (F) with the extensive rough-surfaced endoplasmic reticulum probably is a
fibroblast (electron micrograph, X 10,000).



Fig 17—Subsynovial plasma cell (P) and plasmablast (Pb) from rabbit receiving
15 daily HRPO injections. The procedure of Leduc and Avrameas was used to
reveal sites of anti-HRPO activity. Such activity, revealed by peroxidatic reaction
product, is present in the rough-surfaced endoplasmic reticulum of both cells.
The perinuclear space of the plasmablast also contains anti-HRPO activity. The
membrane of one of the profiles of rough-surfaced endoplasmic reticulum ap-
pears to be continuous with the plasma membrane of the plasmablast (arrow)
(electron micrograph, X 12,000). Fig 18—Subsynovial plasmablast from
rabbit sacrificed after 15 daily HRPO injections. Tissue reacted by method of
Leduc and Avrameas to reveal anti-HRPO activity. Such antibody activity is in-
dicated by peroxidatic reaction product in the rough-surfaced endoplasmic
reticulum and perinuclear space. The nuclear membrane is discontinuous at
sev&r)a(; points (arrows), suggesting beginning mitosis (electron micrograph, X
15, ).



Fig 19—Subsynovial immunoblast from rabbit given 15 daily HRPO injections.
Technic of Leduc and Avrameas was used to reveal anti-HRPO activity. The
cell has a prominent nucleolus and dispersed nuclear chromatin. Several profiles
of rough-surfaced endoplasmic reticulum show anti-HRPO activity (electron
mlcrograph, x 10,000). Inset shows a similar cell in mitosis (electron micro-

graph, X

Fig 20—Subsynovial macrophage (M) and plasmablast (Pb) from rabbit given 15 daily
HRPO injections. Anti-HRPO activity revealed by method of Leduc and Avrameas. The
macrophage contains many HRPO-containing vesicles and vacuoles. The plasma membrane
of the macrophage exhibits a complex network of pseudopods and is very closely as-
sociated with the plasma membrane of the plasmablast (b/ack arrows). The nucleus of the
plasmablast has peripheral condensations of chromatin and a prominent nucleolus (white
arrow). Anti-HRPO activity is present in the rough-surfaced endoplasmic reticulum and
perinuclear space of the plasmablast (electron micrograph, X 10,000). Fig 21—
Enzyme immunoelectrophoresis in Agarose gel of sera from rabbits receiving 16 (A) and 35
(B) daily HRPO injections. Top—Patterns photographed by reflected light reveal the
precipitin lines in which peroxidatic reaction product reveals anti-HRPO activity. With the
16-day serum (A), specific antibody activity is present in both /gG and /gM lines, while with
the 35-day serum (B), it is confined to the /gG line. Bottom—Same patterns are photo-
graphed by transmitted light to reveal the many precipitin lines without anti-HRPO activity.
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